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(57) ABSTRACT

In one embodiment, a SPICE corner model generating
method for generating a SPICE corner model of an MOSFET
includes preparing a table of a ratio X regarding a combina-
tion of two kinds of MOSFETs selected from N kinds of
MOSFETS, the ratio X being a magnitude of a variation of an
MOSFFET 1n a case where directions of variations of the two
kinds of MOSFFETSs are opposite directions to a magnitude of
a variation of an MOSFET 1n a case where the directions of
the variations of the two kinds of MOSFETs are the same
direction, where N 1s an integer of 2 or greater. The method
further includes reading out, when a combination of two
kinds ot MOSFETs 1s designated among the N kinds of MOS-
FETs, a value of the ratio X corresponding the designated
combination from the table of the ratio X. The method further
includes forming two kinds of corner models of opposite
directional variations, the two kinds of corner models includ-
ing a first corner model generated by applying the value of the
ratio X to a fast-side comer of a first MOSFET of the two
kinds of MOSFETs and to a slow-side comer of a second
MOSFET of the two kinds of MOSFETSs, and a second corner
model generated by applying the value of the ratio X to a
slow-side corner of the first MOSFET and to a fast-side
corner of the second MOSFET.

19 Claims, 7 Drawing Sheets
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SPICE CORNER MODEL GENERATING
METHOD AND APPARATUS

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2009-

272497, filed on Nov. 30, 2009, the entire contents of which
are incorporated herein by reference.

FIELD

Embodiments described herein relate to a SPICE (Simula-
tion Program with Integrated Circuit Emphasis) corner model
generating method and apparatus, for example, for generating
a corner model for a case where electrical characteristics of

MOSFETSs vary 1 opposite directions.

BACKGROUND

MOSFET comer models for SPICE circuit simulations are
used to verily circuit operations when electrical characteris-
tics of MOSFET's vary to a maximum extent due to a variation
in production. A MOSFET 1s a semiconductor device that has
four terminals, 1.e., a gate terminal, a source terminal, a drain
terminal, and a substrate terminal. The electrical characteris-
tics of a MOSFET are represented for example by the mag-
nitude of the current (drain current) that flows in the drain
terminal when a voltage 1s applied to those terminals.

Indicators that define the electrical characteristics of each
MOSFET include a threshold voltage and an on-current. The
threshold voltage 1s the magnitude of the gate voltage at
which the drain current starts flowing. The on-current 1s the
magnitude of the drain current observed when a supply volt-
age 1s applied between the gate terminal and the source ter-
minal, and between the drain terminal and the source termi-
nal.

Corner models are generated, normally with variations in
the threshold voltage and the on-current being taken into
consideration. In the following, a case where variations in the
on-current are taken into consideration 1s explained, but the
same concept may be applied to the threshold voltage and
other indicators. The on-current varies 1n the two directions,
the one 1 which the on-current becomes larger than the
reference value, and the other in which the on-current
becomes smaller than the reference value.

If one kind of MOSFFET is used 1n the circuit, two corner
models corresponding to the maximum variation width 1n the
two directions are prepared, and operation verification 1s per-
formed on respective circuit characteristics with the two cor-
ner models. If two kinds of MOSFETSs are used 1n the circuit,
cach of the two kinds of MOSFETs has a variation in two
directions, and therefore, the number of combinations of cor-
ners is 2°=4 in total.

If the two kinds of MOSFFETSs do not interfere each other,
the four corner models formed by combining the two corner
models of one of the MOSFET's with the two corner models of
the other should be evaluated. In practice, however, there 1s a
correlation between the on-current variations of the two kinds
of MOSFETs. The on-currents of two kinds of MOSFETs
sometimes vary in the same directions (or become larger or
smaller at the same time), and sometimes vary in opposite
directions (the on-current of one of the two kinds of MOS-
FETs becomes larger while the on-current of the other
becomes smaller). Normally, the on-currents tend to vary in
the same directions, and rarely vary in opposite directions.
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The reasons for that are as follows. The principal causes of
on-current variations are the length L of the gate electrode, the
width W of the gate electrode, the thickness Tox of the gate
insulator, and the impurity concentration Nch in the channel
portion of the MOSFET. Among those causes, the length L,
the width W, and the thickness Tox tend to vary in the same
directions with respect to the respective reference values,
since the gate electrodes and the gate insulators of MOSFET's
of different kinds are formed through the same manufacturing
procedures. Therefore, as for L, W, and Tox, there are strong
correlations between the variations of two kinds of MOS-
FETs. Meanwhile, introduction of impurities into the channel
portion for controlhng the threshold voltage in MOSFETSs of
different kinds 1s performed 1n separate manufacturing pro-
cedures from one another. Accordingly, there 1s only a small
correlation between the Nch varnations of two kinds of MOS-
FETs. Asaresult, L, W, and Tox contribute to the variations in
the same directions, but only Nch contributes to the variations
in the opposite directions. When the same directional varia-
tions and the opposite directional variations are compared
with each other, the magnitude of the variations 1n the oppo-
site directions 1s smaller than the magnitude of the vaniations
in the same directions.

Here, an NFET and a PFET that have substantially same
absolute values 1n threshold voltage and form a pair are
described as an example of two different MOSFETs. The
on-current variations are assumed to be larger 1n the same
directions and smaller 1n opposite directions 1n those MOS-
FETs.

Ina MOSFFET corner model for SPICE circuit simulations,
the distribution of the on-current vanations of those MOS-
FETSs 1s expressed in X-Y coordinates, with the X-coordinate
indicating the on-current of the NFET, the Y-coordinate indi-
cating the on-current of the PFET. Here, the vanation distri-
bution 1s represented by an elliptic form, because the on-
current variations of those MOSFETSs are larger 1n the same
directions and are smaller 1n opposite directions.

With the properties of the on-current variations being taken
into consideration, the two corner models (FF and SS) of
cases where the absolute values of the on-currents of the
NFET and the PFET vary 1in the same directions are set with
greater corner widths than the two corner models (FS and SF)
of cases where the absolute values of the on-currents vary 1n
opposite directions. Here, the corner width 1s the distance
from the typical model (1T) equivalent to the reference value
ol those on-currents to each corner model. In the X-Y coor-
dinates, T'T 1s located at the center point of the ellipse, FF and
SS are located on the long axis of the ellipse, and FS and SF
are located on the short axis of the ellipse.

Normally, the cormer models corresponding to the same
directional variations are the corner models of the corner
widths having the influence of all the causes of variation. On
the other hand, the corner models corresponding to the oppo-
site directional variations have corner widths attributed to the
causes of the opposite directional variations generated only 1n
the manufacturing procedures applied to the two kinds of
MOSFETs independently of each other. The variations attrib-
uted only to the independently applied manufacturing proce-
dures are the variations only 1n impurity concentration or the
variations in impurity concentration and gate msulator thick-
ness, for example.

The comer models prepared as above are put into one
library for each one direction of the two same directions and
two opposite directions. As a result, each library contains one
corner model of each MOSFET. For example, in the library
“FS”, one NFET appears only once, and the corner model of
the NFE'T 1s the corner model corresponding to the magnitude
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ol the opposite directional variations observed when a pair 1s
formed by combining the NFET with a PFET having substan-
tially same absolute value of the threshold voltage as the
NFET.

However, the conventional technique has the following
drawbacks.

For example, a differential amplifier circuit formed by
combining two low-Vth NFETs each having a low threshold
voltage with a high-Vth NFET having a high threshold volt-

age 1s now described. To secure the current driving force for
the differential pair portion in this circuit, low-Vth (low
threshold voltage, large on-current) NFETs are used. For the
other portions, a high-Vth (high threshold voltage, small
leakage current and small on-current) NFET 1s used to reduce
leakage.

One of the requirements for performing operation verifi-
cation to check the influence of variations in this circuit 1s that
the on-currents of the low-Vth NFETSs are smallest while the
leakage current and the on-current of the high-Vth NFET are
largest. This 1s equivalent to operation verification performed
on the opposite directional variations of the low-Vth NFETs
and the high-Vth NFET.

However, for such a combination of low-Vth NFETs and a
high-Vth NFET, corner models for appropriately verifying an
operation where the on-currents vary in opposite directions
are normally not prepared, though such corner models are
prepared for an NFET and a PFET that have substantially
same absolute values 1n threshold voltage and form a pair as
described above. Therefore, circuit operation verification
cannot be performed with the use of corner models.

In a case where an operation with the same directional
variations, 1nstead of the opposite directional varations, 1s
verified, operation verification can be performed by using a
combination of the comer models of the NFET from the
corner models of the same directional variations of a low-Vth
NFET and PFET, with the corner models of the NFET from
the corner models of the same directional variations of a
high-Vth NFET and PFET.

However, the corner widths of opposite directional varia-
tions vary among combinations of MOSFETs, and the same
combination cannot be applied to them. Therefore, to perform
operation verification with the opposite directional variations
of the above described example case, a Monte Carlo simula-
tion that requires a long period of time needs to be performed,
and circuit operation verification cannot be performed 1n a
short TAT (Turn Around Time). A Monte Carlo simulation 1s
a technique for evaluating the thousands of simulation results
and the distribution of circuit characteristics by repeating a
circuit characteristics simulation thousands of times while
providing random numbers to the physical parameters corre-
sponding to the gate length, the gate width, the gate insulator
thickness, and the channel impurity concentration in the
MOSFET model.

Meanwhile, 1t 1s difficult to prepare corner models of oppo-
site directional variations for all the combinations of MOS-
FETSs, because of the structures and configurations of librar-
1ies. Normally, a corner model of each MOSFET appears only
once 1n each library and each corner model 1s referred to by
“library namexMOSFET name”. Therefore, the combination
of an A-NFET and an A-PFET and the combination of an
A-NFET and a B-NFET cannot be included as the comer
models of the opposite directional vanations of A-NFETSs in
the library “FS”, since two A-NFET's cannot be included at
the same time.

As described above, for combinations of MOSFETSs other
than the combination of an NFET and a PFET having sub-
stantially same absolute values 1n threshold voltage, circuit
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operation verification taking opposite directional vanations
into consideration cannot be performed 1n a short TAT with
the use of SPICE corner models.

JP-A 2002-43429 (KOKALI) discloses a simulation method

for determining variations in the device parameters of the
corners by determining the device parameter sensitivity
through a circuit simulation and applying the device param-
cter sensitivity and the values of electrical characteristics
required for the corners to have, to the normal equation of the
linear least-squares method.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flowchart for explaining a SPICE corner model
generating method according to a first embodiment;

FIG. 2 1s a diagram showing an example of a distribution of
variations 1n on-current values of an NFET and a PFET;

FIG. 3 1s a diagram showing examples of libraries that
manage mformation about MOSFETS;

FI1G. 4 1s a diagram showing an example of a table of a ratio
X,

FIG. § 1s a block diagram showing a first example of a
configuration of a SPICE corner model generating apparatus
according to the first embodiment;

FIG. 6 1s a block diagram showing a second example of the
configuration of the SPICE corner model generating appara-
tus according to the first embodiment;

FIG. 7 1s a tlowchart for explaining a SPICE corner model
generating method according to a second embodiment;

FIG. 8 1s a diagram showing an example of a table of a ratio
Y: and

FI1G. 9 1s a diagram showing an example of a table of a ratio
7.

DETAILED DESCRIPTION

Embodiments will now be explained with reference to the
accompanying drawings.

An embodiment described herein 1s, for example, a SPICE
corner model generating method for generating a SPICE cor-
ner model of an MOSFET. The method includes preparing a
table of a ratio X regarding an arbitrary combination of two
kinds of MOSFFETs selected from N kinds of MOSFETs, the
ratio X being a magnitude of a vanation of an MOSFET 1n a
case where directions of variations of the two kinds of MOS-
FETSs are opposite directions to a magnitude of a variation of
an MOSFET 1n a case where the directions of the variations of
the two kinds of MOSFETSs are the same direction, where N
1s an 1nteger of 2 or greater. The method further includes
reading out, when a combination of two kinds of MOSFETSs
1s designated among the N kinds of MOSFETs, a value of the
ratio X corresponding the designated combination from the
table of the ratio X. The method further includes forming two
kinds of corner models of opposite directional variations, the
two kinds of corner models including a first corner model
generated by applying the value of the ratio X to a fast-side
corner of a first MOSFET of the two kinds of MOSFET's and
to a slow-side corner of a second MOSFET of the two kinds
of MOSFETs, and a second corner model generated by apply-
ing the value of the ratio X to a slow-side corner of the first
MOSFFET and to a fast-side corner of the second MOSFET.

Another embodiment described herein 1s, for example, a
SPICE corner model generating apparatus configured to gen-
erate a SPICE corner model of an MOSFET. The apparatus
includes aratio table storage part configured to store a table of
a ratio X regarding an arbitrary combination of two kinds of

MOSFETs selected from N kinds of MOSFETSs, the ratio X
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being a magnitude of a variation of an MOSFET 1n a case
where directions of variations of the two kinds of MOSFETs
are opposite directions to a magnitude of a variation of an
MOSFET 1n a case where the directions of the variations of
the two kinds of MOSFETSs are the same direction, where N
1s an integer of 2 or greater. The apparatus further includes a
ratio reading part configured to read out, when a combination
of two kinds of MOSFETs 1s designated among the N kinds of
MOSFETS, a value of the ratio X corresponding to the des-
ignated combination from the table of the ratio X. The appa-
ratus further includes a corner model forming part configured
to form two kinds of comer models of opposite directional
variations, the two kinds of cormer models including a first
corner model generated by applying the value of the ratio X to
a fast-side corner of a first MOSFET of the two kinds of
MOSFET's and to a slow-side corner of a second MOSFET of
the two kinds of MOSFETSs, and a second corner model
generated by applying the value of the ratio X to a slow-side
corner of the first MOSFET and to a fast-side corner of the
second MOSFET.

(First Embodiment)

FI1G. 1 1s a flowchart for explaining a SPICE corner model
generating method according to a first embodiment.

In this embodiment, 1t 1s assumed that one technology
involves N kinds of MOSFETSs, where N 1s an integer of 2 or
greater. In the flow illustrated 1n FIG. 1, corner models for
veriltying operations are formed through the procedures of
steps S11 to S15, with the opposite directional varnations of
arbitrary combinations of MOSFETSs being taken into con-
sideration.

First, at step S11, a typical model corresponding to a case
where variations are not taken into consideration 1s generated
for each of the N kinds of MOSFETs.

At step S12, values of one or more model parameters of the
typical model of each of the N kinds of MOSFETSs are varied,
to generate corner models corresponding to a case where the
clectrical characteristics of the MOSFETS vary. In this
embodiment, the on-current 1s used as an indicator that
defines the electrical characteristics of each MOSFET.

There are two directions of variation 1n the electrical char-
acteristics of each MOSFET. At step S12, two corner models
ol the fast-side corner and the slow-side corner are generated
tor each of the N kinds of MOSFFETs. Here, the model param-
cters having the values varied at step S12 are referred to as
skew parameters, and the corner models generated at step S12
are referred to as skew corner models. In this embodiment, the
variation widths of the skew parameters are dynamically and
uniformly multiplied by X, so that the corner widths of the
corner models become variable.

At step S13, a variation state of the on-current values (a
distribution of the on-current values) of arbitrary combina-
tions of two kinds of MOSFETs among the N kinds of MOS-
FETs 1s examined. Specifically, as shown in FIG. 2, the
abscissa axis of two-dimensional coordinates mdlcates the
on-current value of one of the MOSFETs (an NFET 1n this
case), and the ordinate axis indicates the on-current value of
the other MOSFET (a PFET 1n this case). The distribution of
variations 1n the on-current value 1s examined. FIG. 2 1s a
diagram showing an example of the distribution of variations
in on-current values of an NFET and a PFET. FIG. 3 1s a
diagram showing examples of libraries that manage the infor-
mation about those MOSFETs. FIG. 3 shows four kinds of
MOFSETs (an A-NFET, an A-PFET, a B-NFFET, and a
B-PFET) as examples of the N kinds of MOSFETSs.

To examine the distribution of variations, the characteris-
tics of TEG formed on an actual semiconductor water may be
examined, a sitmulation may be performed by a TCAD ('Tech-
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nology Oriented CAD), or any other method for checking the
correlation between variations may be used.

At step S13, the ratio X between the magnitude of the same
directional variations and the magnitude of the opposite
directional variations 1s calculated based on the distribution
of vanation examined in the above manner. More specifically,
the ratio X 1s the magnitude of a variation of an MOSFET in
a case where two kinds of MOSFETs selected as an arbitrary
combination from the N kinds of MOSFET's have variations
in the same direction to the magnitude of a vanation of an
MOSFFET 1n a case where the two kinds of MOSFETSs have
variations in opposite directions. When being expressed with
a variation width, the ratio X 1s obtained by dividing the
opposite directional variation width by the same directional
variation width, and the value of the ratio X normally falls into
the range, 0=X=1.

At step S13, a table of the ratio X 1s further formed, so as to
hold information that contains values of the ratio X calculated
for arbitrary combinations. FIG. 4 1s a diagram showing an
example of a table of the ratio X. For example, where a first

MOSFET of the two kinds of MOSFETSs 1s M1, and a second
MOSFET 1s M2, the value of the ratio X between those
MOSFETs 1s the value shown 1n the column denoted by «.
The value of the ratio X obtained where the first and second
MOSFETSs are M1 and M2, respectively, 1s the same as the
value of the ratio X obtained where the first and second
MOSFETs are M2 and M1, respectively. Therefore, the value
shown 1n the column denoted by ¢ 1s the same as the value

shown 1n the column denoted by f.

At step S14, 11 a combination of two kinds of MOSFETs 1s
designated among the N kinds of MOSFETSs by a user or the
like while a SPICE circuit simulation 1s being performed, the
table of the ratio X 1s referred to, and a value of the ratio X
corresponding to the designated combination 1s read out from
the table. For example, 11 the combination of M1 and M2
shown 1n FI1G. 4 1s designated, a value of the ratio X shown 1n
the column denoted by a or p 1s read out.

At step S15, for the above two kinds of MOSFETSs, two

kinds of corner models corresponding to opposite directional
variations are automatically formed by multiplying the varia-

tion width of the value of each skew parameter from the value
of the typical model by the ratio X.
At this point, a first corner model of the two kinds of corner

models 1s formed by applying the value of the ratio X to the
fast-side comer of the first MOSFET of the two kinds of

MOSFETs, and to the slow-side corner of the second MOS-
FET. More specifically, the first corner model 1s generated by
combining a result obtained by multiplying the variation
widths of the skew parameters of the fast-side corner model of
the first MOSFET by X, with a result obtained by multiplying
the variation widths of the skew parameters of the slow-side
corner model of the second MOSFET by X.

The second corner model of the two kinds of corner models
1s also generated by applying the value of the ratio X to the

slow-side corner of the first MOSFET of the two kinds of
MOSFETs, and to the fast-side corner of the second MOS-
FET. More specifically, the second corner model 1s generated
by combining a result obtained by multiplying the variation
widths of the skew parameters of the slow-side corner model
of the first MOSFET by X, with a result obtained by multi-
plying the vanation widths of the skew parameters of the
tast-side corner model of the second MOSFET by X.

In this manner, the two corner models corresponding to
both sides of the opposite directional variations are formed at
step S15. Atstep S15, the typical model and the corner models
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generated at step S11 and step S12 are used, and the value of
the ratio X generated at step S13 and read out at step S14 1s
used.

As described above, 1in this embodiment, corner models
having corner widths that are dynamically variable, and a
table that holds the values of ratios X between the magnitudes
of the same directional variations and the magnitudes of the
opposite directional variations are prepared in advance.
While a circuit simulation i1s being performed, the corre-
sponding value 1n the table 1s referred to, and the necessary
corner models of the opposite directional vaniations are
dynamically formed from the above corner models, 1n accor-
dance with the combinations of the MOSFETs used 1n the
subject circuit.

By the conventional method, where an arbitrary combina-
tion of two kinds of MOSFETs 1s selected from the N kinds of
MOSFETSs, and the opposite directional variations of the
selected combination are handled, 1t 1s necessary to prepare
~C- corner models of opposite directional variations, since
there are ,(, combinations of MOSFETs. Therefore, the
conventional method has the problem that the data amount of
those corner models becomes larger, and reading those corner
models 1s time-consuming. Further, the conventional method
has the problem that 1t 1s difficult to prepare those corner
models, due to the structure and configuration of the libraries.

In this embodiment, on the other hand, a table of the values
of the ratio X 1s prepared, and necessary corner models of the
opposite directional variations are dynamically formed with
the use of the table while a circuit simulation 1s being per-
formed. The data amount in the table of the ratio X 1s much
smaller than the data amount in the corner models, and the
time required for reading the values of the ratio X 1s much
shorter than the time required for reading the data of the
corner models. Accordingly, this embodiment has advantages
that the amount of data prepared beforehand 1s smaller, and
the reading time 1s shorter.

Also, 1n this embodiment, the necessary corner models of
the opposite directional variations can be formed through a
relatively simple operation in which the variation widths of
various skew parameters are multiplied by X. In this manner,
this embodiment has an advantage that the necessary corner
models of the opposite directional variations can be relatively
readily formed by applying the values of the ratio X to the
skew corner models.

All the steps 1n the SPICE cormer model generating method
illustrated 1n FIG. 1 may be carried out by a computer, or the
procedures of steps S14 and S15 may be carrnied out by a
computer while the procedures of steps S11 to S13 are carried
out by a human. Referring now to FIGS. 5 and 6, examples of
apparatuses that are capable of implementing the SPICE cor-
ner model generating method illustrated in FIG. 1 are
described.

FIG. 5 1s a block diagram showing a first example of a
configuration of a SPICE corner model generating apparatus
according to the first embodiment. The SPICE corner model
generating apparatus of FIG. 5 includes a ratio table storage
part 11, a ratio reading part 12, and a corner model forming
part 13.

In the example illustrated in FIG. 5, the procedures of steps
S11 to S13 are carried out by a human. The table of the ratio
X generated at step S13 1s stored into the ratio table storage
part 11. After that, while a SPICE circuit simulation 1s being,
performed, a combination of two kinds of MOSFET's among,
the N kinds 1s designated by a user, and the ratio reading part
12 reads the value of the ratio X corresponding to the desig-
nated combination from the above table (step S14). At step
S15, the corner model forming part 13 automatically forms
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the two kinds of corner models corresponding to the opposite
directional variations, using the value of the corresponding
ratio X. In thus manner, the necessary corner models are
formed.

FIG. 6 15 a block diagram showing a second example of the
configuration of the SPICE corner model generating appara-
tus according to the first embodiment. The SPICE comer
model generating apparatus of FIG. 6 includes a typical
model generating part 21, a corner model generating part 22,
and a ratio table generating part 23, 1n addition to the blocks
shown 1n FIG. 5.

In the example illustrated 1n FIG. 6, the procedures of steps
S11 to S13 are carried out by the typical model generating,
part 21, the corner model generating part 22, and the ratio
table generating part 23, respectively. More specifically, the
typical model generating part 21 generates the typical model
(step S11), the corner model generating part 22 generates the
two corner models of the fast-side corner and the slow-side
corner (step S12), and the ratio table generating part 23 gen-
crates the table of the ratio X (step S13). The table of the ratio
X generated here 1s stored 1nto the ratio table storage part 21.
The ratio reading part 12 and the corner model forming part
13 carry out the same procedures as those 1n the example
illustrated 1n FIG. 5. In this manner, the necessary corner
models are formed.

The SPICE comer model generating method illustrated 1n
FIG. 1 can be implemented with the use of the SPICE corner
model generating apparatus of FIG. 5 or 6, but this method
may also be implemented with the use of some other appara-
tuses.

As described above, 1in this embodiment, SPICE corner
models of cases where the electrical characteristics of MOS-
FETS vary in opposite directions are formed with the use of
the table of the ratio X of the magnitude of the opposite
directional variations to the magnitude of the same directional
variations. As the values of the ratios X are applied to skew
corner models, the SPICE corner models can be relatively
readily generated in this embodiment. Furthermore, the
amount of data to be prepared beforehand to handle the oppo-
site directional variations can be reduced, and the time
required for reading the data can be shortened.

In the following, a second embodiment of the disclosure 1s
described. The second embodiment 1s a modification of the
first embodiment, and the aspects of the second embodiment
that differ from those of the first embodiment are mainly
explained.

(Second Embodiment)

FIG. 7 1s a tlowchart for explaining a SPICE corner model
generating method according to a second embodiment.

In this embodiment, an example case where one technol-
ogy 1nvolves the later described lineup of MOSFETSs 1is
described as a typical example. In this lineup, there are two
kinds of gate insulator thicknesses, 1.€., a thin type and a thick
type. There are three kinds of threshold voltages of thin-film
MOSFETs, 1.e., a low type, a medium type, and a high type.
There are two kinds of threshold voltages of thick-film MOS-
FETs,1.e.,alow type and a high type. There are an NFET and
aPFET 1n each of the thin-film and thick-film MOSFETSs. The
lineup of MOSFETS 1n this case includes (3+2)x2=10 kinds,
and the number of combinations of two kinds of MOSFETs 1s
oC,=45.

In the flow 1llustrated 1n FI1G. 7, corner models for veriiying
operations 1n which the opposite directional variations of
arbitrary combinations of MOSFETSs are taken into consid-
eration are formed through the following procedures of steps
S21 to S26. In the following, an example case where one
technology involves ten kinds of MOSFETSs 1s described.
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However, this embodiment may also be applied to cases
where one technology 1involves N kinds of MOSFETs, where
N 1s an 1nteger of 2 or greater.

First, at step S21, a typical model corresponding to a case
where variations are not taken into consideration 1s generated
for each of the ten kinds of MOSFETs. This step 1s the same
as step S11.

At step S22, values of one or more model parameters of the
typical model of each of the ten kinds of MOSFETs 1s varied,
and corner models corresponding to a case where the electri-
cal characteristics of the MOSFET's vary are generated. This
step 1s the same as step S12. In this embodiment, the on-
current 1s used as the indicator that defines the electrical
characteristics of the MOSFETs.

There are two directions 1n which the electric characteris-
tics of the respective MOSFETs vary, and at step S22, two
corner models of the fast-side corner and the slow-side corner
are generated for each of the ten kinds of MOSFETSs. The
model parameters having the values varnied at step S22 are
referred to as skew parameters, and the corner models gener-
ated at step S22 are referred to as skew corner models.

In this embodiment, at least the gate length L, the gate
width W, the gate insulator thickness Tox, and the threshold
voltage Vth0 (or the channel impurity concentration Nch) are
used as the skew parameters. As for the gate insulator thick-
ness Tox and the threshold voltage Vth0 (or the channel
impurity concentration Nch), their vanation widths are
dynamically varied, so that the corner widths of the corner
models become variable.

Atstep S23, as for an arbitrary combination ol two kinds of
MOSFETs selected from the ten kinds of MOSFETs, the
correlation between the variations 1n the on-current value due
to the varniations 1n the channel impurity concentration Nch 1s
examined. The channel impurity concentration Nch 1s an
example of a first model parameter of the disclosure.

(1) First, where both of the two kinds of MOSFETSs are
NFETs or PFETs, 1t 1s considered that there 1s a correlation
between the vanations of the on-current values of those
MOSFETSs. This 1s because the impurity introducing process
tor forming the channel portion 1s shared (or partially shared)
between the NFETs or PFETS.

In this case, the on-current value of one of the MOSFETSs 1s
indicated by the abscissa axis of two-dimensional coordi-
nates, and the on-current value of the other MOSFET 1s
indicated by the ordinate axis. The distribution of variations
in the on-current value due to the varnations in the channel
impurity concentration Nch of the two kinds of MOSFETs 1s
then examined. In other words, of the variations in the on-
current value, only the components related to the vaniations 1n
the channel impurity concentration Nch between the two
kinds of MOSFETSs are examined.

To examine the distribution of variations in the on-current
value caused by the vanations in the channel impurity con-
centration Nch, the distribution of variations may be theoreti-
cally estimated from the manufacture conditions related to
the channel impurity introduction, or a stmulation by TCAD
may be used. Also, any other technique for examinming the
correlation between variations in the on-current value caused
by the variations in the channel impurity concentration Nch
may be used.

At step S23, as for the examined distribution of varnations,
the ratio Y between the magnitude of the same directional
variations caused by the variation 1n the channel impurity
concentration Nch and the magnitude of the opposite direc-
tional varnations caused by the varniations 1 Nch (Y 1s the
value obtained by dividing the opposite directional variation
width by the same directional variation width) 1s calculated.
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This step 1s the same as step S13. In a case where both of the
two kinds of MOSFETs are NFET's or PFETs, the value of the
ratio Y 1s considered to be 1n the range expressed as 0<Y =1.

(2) Where the two kinds of MOSFETs are an NFET and a
PFET, the correlation between variations in the on-current
value of those MOSFETSs i1s considered to be small. This 1s
because the impurity introducing process for forming the
channel portion of the NFET and the impurity introducing
process for forming the channel portion of the PFET are
normally independent of each other.

Theretore, where the two kinds of MOSFETSs are an NFET
and a PFET, the value of the ratio Y 1s automatically set to 1
in this embodiment. Where both of the two kinds of MOS-
FETs are NFETs or PEFETSs, on the other hand, the value of the
ratio Y 1s considered to be 1in the range expressed as O0<Y =1.

At step S23, atable of theratio Y 1s generated, so as to hold
information that contains values of the ratio Y calculated for
arbitrary combinations. This step i1s the same as step S13.
FIG. 8 1s a diagram showing an example of a table of the ratio
Y.

At step S24, as for an arbitrary combination of two kinds of
MOSFETs selected from the ten kinds of MOSFFETs, the
correlation between variations in the on-current value caused
by the variations in the gate msulator thickness Tox 1s con-
sidered as follows. The gate msulator thickness Tox 1s an
example of a second model parameter of the disclosure.

(1) First, in a case where both of the two kinds of MOS-
FETs are thin-film MOSFETSs or thick-film MOSFFETsS, the
correlation between variations in the on-current value of
those MOSFFETs 1s considered to be very high (the correlation
coellicient 1s 1). This 1s because the gate insulator forming
process 1s normally shared between thin-film MOSFETSs or
thick-film MOSFETs. For example, since the gate insulator of
an A-NFET and the gate insulator of a B-NFET are formed
through the same process, the gate insulator of the B-NFET
often becomes thicker (or thinner) than the reference value
when the gate insulator of the A-NFET becomes thicker (or
thinner) than the reference value.

At step S24, the ratio Z of the magnitude of the opposite
directional variations caused by the variations in the gate
insulator thickness Tox to the magnitude of the same direc-
tional variations caused by the variation 1n the gate insulator
thickness Tox (Z 1s the value obtained by dividing the oppo-
site directional variation width by the same directional varia-
tion width) 1s calculated. This step 1s the same as step S13.

In this embodiment, where both of the two kinds of MOS-
FETs are thin-film MOSFETs or thick-film MOSFFETs, the
value of the ratio Z 1s automatically set to 0.

(2) In a case where the two kinds of MOSFETs are a
thin-film MOSFET and a thick-film MOSFET, the correlation
between variations 1n the on-current value of those MOS-
FETSs 1s considered to be very low (the correlation coetficient
1s 0). This 1s because the gate insulator forming process for the
thin-film MOSFET and the gate insulator forming process for
the thick-film MOSFET are normally independent of each
other.

Therefore, where the two kinds of MOSFETSs are a thin-
film MOSFET and a thick-film MOSFET, the value of the
ratio 7 1s automatically set to 1 1n this embodiment.

At step S24, atable of the ratio 7 1s generated, so as to hold
information that contains values of the ratio Z calculated for
arbitrary combinations. This step i1s the same as step S13.
FIG. 9 1s a diagram showing an example of a table of the ratio

7.

At step S235, 11 a combination of two kinds of MOSFETs
among the ten kinds 1s designated by a user or the like while
a SPICE circuit simulation 1s being performed, the table of the
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ratio Y and the table of the ratio Z are referred to, and the
values of the ratio Y and the ratio Z corresponding to the
designated combination are read from the tables. This step 1s
the same as step S14.

At step S26, as for the above two kinds of MOSFETs, the
variation widths of the values of the channel impurity con-
centration Nch from the value of the typical model are mul-
tiplied by the ratio Y, and the variation widths of the values of
the gate insulator thickness Tox from the value of the typical
model are multiplied by the ratio Z. In this manner, the two
kinds of corner models corresponding to the opposite direc-
tional variations are automatically formed.

At this point, the first corner model of the two kinds of
corner models 1s formed by applying the value of the ratio Y
and the value of the ratio Z to the fast-side corner of the first
MOSFET ofthe two kinds of MOSFETSs, and to the slow-side
corner of the second MOSFET. More specifically, the first
corner model 1s formed by combining a result obtained by
multiplying the variation widths of the channel impurity con-
centration Nch and the gate insulator thickness Tox of the
fast-side corner model of the first MOSFET by Y and Z
respectively, with a result obtained by multiplying the varia-
tion widths of Nch and Tox of the slow-side corner model of
the second MOSFET by Y and Z respectively.

Also, the second corner model of the two kinds of corner
models 1s formed by applying the value of the ratio Y and the
value of the ratio Z to the slow-side corner of the first MOS-
FET of the two kinds of MOSFETSs, and to the fast-side corner
of the second MOSFET. More specifically, the second corner
model 1s formed by combining a result obtained by multiply-
ing the varnation widths of the channel impurity concentration
Nch and the gate insulator thickness Tox of the slow-side
corner model of the first MOSFET by Y and Z respectively,
with a result obtained by multiplying the variation widths of
Nch and Tox of the fast-side corner model of the second
MOSFET by Y and Z respectively.

When the first and second corner models are formed, the
variation widths of the values of the gate length L and the gate
width W from the values of the typical model are O.

In this manner, the two corner models corresponding to
both sides of the opposite directional variations are formed at
step S26. At step S26, the corner models generated at steps
S21 and S22 are used as the typical model and the comer
models, and the values that are generated at steps S23 and S24
and are read out at step S25 are used as the value of the ratio
Y and the value of the ratio Z.

All the steps 1n the SPICE comer model generating method
illustrated 1n FIG. 7 may be carried out by a computer, or the
procedures of steps S235 and S26 may be carried out by a
computer while the procedures of steps S21 to S24 are carried
out by a human.

[ike the method illustrated in FIG. 1, the SPICE corner
model generating method 1llustrated 1n FIG. 7 can be imple-
mented with the use of the SPICE corner model generating,
apparatus of FIG. 5 or 6, for example. In that case, however,
the ratio table generating part 23 generates a table of the ratio
Y and a table of the ratio Z, and the table of the ratio Y and the
table of the ratio Z are stored 1n the ratio table storage part 11.
The ratio reading part 12 reads a value of the ratio Y and a
value of the ratio Z. The corner model forming part 13 auto-
matically forms the two kinds of corner models correspond-
ing to the opposite directional variations, using the value of
the ratio Y and the value of the ratio Z. In this manner, the
necessary corner models are formed.

As described above, the SPICE corner model generating
method illustrated 1n FIG. 7 can be implemented with the use
of the SPICE corner model generating apparatus of FIG. 5 or
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6, for example. However, this method may be implemented
with the use of some other apparatuses.

As described above, in this embodiment, SPICE corner
models of a case where the electrical characteristics of MOS-
FETs vary 1n opposite directions are formed with the use of
the tables of the ratios Y and Z of the magnitudes of the
opposite directional variations to the magnitudes of the same
directional variations. Accordingly, such SPICE corner mod-
¢ls can be relatively readily generated 1n this embodiment by
applying the values of ratios Y and Z to the skew corner
models. Furthermore, the amount of data to be prepared
betorehand for handling the opposite directional variations
can be reduced, and the data reading time can be shortened.

Also, 1n this embodiment, the values of the ratios Y and Z
may be automatically regarded as O or 1 under certain condi-
tions, as 1n steps S23 and S24. In other words, under certain
conditions, the values of ratios Y and Z are not actually
calculated, and those values may be automatically set to 0 or
1. Accordingly, the values of ratios Y and Z under such con-
ditions can be readily calculated in this embodiment. Such an
operation may be applied to the ratios X 1n the first embodi-
ment.

The procedures of steps S23 and 524 may be performed 1n
this order, or 1n the reverse order, step S24 followed by step
S23.

In the flow 1illustrated in FIG. 7, two tables of ratios are
generated and used, with the varnations of two kinds of model
parameters being taken into consideration. In this embodi-
ment, however, M (M being an integer of 1 or greater) tables
of ratios may be generated and used, with the variations of M
kinds of model parameters being taken into consideration.

In the first and second embodiments, the variations in the
on-current are taken as an example of the variations 1n the
electrical characteristics of MOSFETs. However, those
embodiments may be applied to vanations in some other
clectrical characteristics. Examples of those electrical char-
acteristics include the threshold voltage and the leakage cur-
rent 1n an oif-state.

In the first and second embodiments, the ratio of the oppo-
site directional variations to the same directional variations 1s
examined based on the two-dimensional distribution of the
on-currents of two kinds of MOSFETs. In a case where there
are three kinds of MOSFETs 1nstead of two kinds, 1t 1s pos-
sible to examine the ratio of the variations observed in a case
where the on-current of one kind varies in 0pp051te directions
while the on-currents of the other two vary 1n the same direc-
tions, to the variations observed 1n a case where the on-
currents of the three kinds vary 1n the same directions. In such
a case, a table of the ratio 1s generated, and 1s referred to when
the necessary corner models are formed. As described above,
the number of kinds of MOSFETSs for which variations are
taken into consideration at the same time may be two or k (k
being an integer of 3 or greater).

As described so far, each embodiment of the disclosure can
provide a SPICE comer model generating method and appa-
ratus that are capable of generating relatively readily the
SPICE corner models 1n cases where the electrical character-
1stics of MOSFETSs vary 1n opposite directions.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not mtended to limit the scope of the inventions.
Indeed, the novel methods and apparatuses described herein
may be embodied 1n a vaniety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the methods and apparatuses described herein may be made
without departing from the spirit of the inventions. The
accompanying claims and their equivalents are intended to
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cover such forms or modifications as would fall within the
scope and spirit of the inventions.

The mvention claimed 1s:
1. A Simulation Program with Integrated Circuit Emphasis

(SPICE) corner model generating method for generating a
SPICE comer model of a metal-oxide-semiconductor field-
elfect transistor (MOSFET), the method comprising:

preparing a table of a ratio X regarding a combination of
two kinds of MOSFETs selected from N kinds of MOS-
FETSs, the ratio X being a magnitude of a variation of a
MOSFET 1n a case where directions of variations of the
two kinds of MOSFETSs are opposite directions to a
magnitude of a vanation of a MOSFET 1n a case where
the directions of the varniations of the two kinds of MOS-
FETs are the same direction, where N 1s an integer of 2
Or greater;

reading out, when a combination of two kinds of MOS-
FETSs 1s designated among the N kinds of MOSFETsSs, a
value of the ratio X corresponding to the designated
combination from the table of the ratio X; and

forming two kinds of corner models of opposite directional
variations, the two kinds of corner models comprising a
first corner model generated by applying the value of the
ratio X to a fast-side corner of a first MOSFET of the two
kinds of MOSFETs and to a slow-side corner of a second
MOSFFET of the two kinds of MOSFETSs, and a second
corner model generated by applying the value of the
rat1o X to a slow-side corner of the first MOSFET and to
a fast-side corner of the second MOSFET.

2. The method of claim 1, further comprising;

generating a typical model for each of the N kinds of
MOSFETsS;

generating a fast-side corner model and a slow-side corner
model for each of the N kinds of MOSFETs by varying
a value of a model parameter of the typical model; and

generating the table of the ratio X for the combination of
two kinds of MOSFETs selected from the N kinds of
MOSFETs.

3. The method of claim 1, wherein

the first corner model 1s formed by combining a result
obtained by multiplying a variation width of a model
parameter oi the fast-side corner model of the first MOS-
FET by X, with a result obtained by multiplying a varia-
tion width of the model parameter of the slow-side cor-
ner model of the second MOSFET by X, and

the second corner model 1s formed by combining a result
obtained by multiplying a vanation width of the model
parameter of the slow-side corner model of the first
MOSFET by X, with a result obtained by multiplying a
variation width of the model parameter of the fast-side
corner model of the second MOSFET by X.

4. The method of claim 3, wherein

the model parameter 1s at least one of a gate length, a gate
width, a gate insulator thickness, a threshold voltage,
and a channel impurity concentration of the first or sec-
ond MOSFET.

5. The method of claim 3, wherein

the same ratio X 1s applied to a plurality of model param-
cters of the first and second MOSFETs.

6. The method of claim 1, wherein

the first and second cormer models are formed dynamically
when a circuit simulation 1s performed.

7. A SPICE comer model generating method for generating,

a SPICE corner model of a MOSFET, the method comprising:

preparing a table of a ratio Y regarding a combination of
two kinds of MOSFET s selected from N kinds of MOS-

FETSs, the ratio Y being a magnitude of a variation of a
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MOSFET 1n a case where directions of variations of the
two kinds of MOSFET's due to a variation of a first model
parameter are opposite directions to a magnitude of a
variation of a MOSFET 1n a case where the directions of
the variations of the two kinds of MOSFETs due to the
variation of the first model parameter are the same direc-
tion, where N 1s an integer of 2 or greater;

preparing a table of a ratio Z regarding a combination of
two kinds of MOSFETSs selected from the N kinds of
MOSFETSs, the ratio Z being a magnitude of a variation
of a MOSFFET 1n a case where directions of variations of
the two kinds of MOSFETs due to a variation of a second
model parameter are opposite directions to a magnitude
of a vaniation of a MOSFET 1n a case where the direc-
tions of the vanations of the two kinds of MOSFETs due
to the variation of the second model parameter are the
same direction;

reading out, when a combination of two kinds of MOS-
FETs 1s designated among the N kinds of MOSFETS,
values of the ratios Y and Z corresponding the desig-
nated combination from the tables of the ratios Y and Z;
and

forming two kinds of corner models of opposite directional
variations, the two kinds of corner models comprising a
first corner model generated by applying the values of
theratios Y and 7 to afast-side corner of a first MOSFE'T
of the two kinds of MOSFETs and to a slow-side corner
of a second MOSFET of the two kinds of MOSFETsSs,
and a second corner model generated by applying the
values of the ratios Y and Z to a slow-side corner of the
first MOSFET and to a fast-side corner of the second
MOSFET.

8. The method of claim 7, further comprising:

generating a typical model for each of the N kinds of
MOSFETs;

generating a fast-side corner model and a slow-side corner
model for each of the N kinds of MOSFETs by varying
a value of a model parameter of the typical model; and

generating the tables of the ratios Y and Z for the combi-
nations of two kinds of MOSFETSs selected from the N

kinds of MOSFETsS.

9. The method of claim 8, wherein

the first model parameter 1s a channel impurity concentra-
tion of each MOSFET, and

the value of the ratio Y 1s automatically set to 1 1n forming
the table of the ratio Y 1f the two kinds of MOSFETSs are
an NFET and a PFET.

10. The method of claim 8, wherein

the second model parameter 1s a gate imnsulator thickness of
each MOSFET, and

the value of the ratio Z 1s automatically set to 0 1n forming
the table of the ratio Z 11 gate insulators of the two kinds
of MOSFETs are both thin films or thick films.

11. The method of claim 8, wherein

the second model parameter 1s a gate insulator thickness of
each MOSFET, and

the value of the ratio Z 1s automatically set to 1 1n forming
the table of the ratio Z if gate 1insulators of the two kinds
of MOSFETSs are a thin film and a thick film.

12. The method of claim 7, wherein

the first corner model 1s formed by combining a result
obtained by multiplying variation widths of the first and
second model parameters of the fast-side corner model
of the first MOSFET by Y and Z, with a result obtained
by multiplying variation widths of the first and second
model parameters of the slow-side corner model of the

second MOSFET by Y and Z, and
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the second corner model 1s formed by combiming a result
obtained by multiplying variation widths of the first and
second model parameters of the slow-side corner model
of the first MOSFET by Y and Z, with a result obtained
by multiplying vanation widths of the first and second
model parameters of the fast-side corner model of the
second MOSFET by Y and 7.

13. The method of claim 7, wherein

the first and second corner models are formed dynamically
when a circuit simulation is performed.

14. A SPICE corner model generating apparatus config-

ured to generate a SPICE cormer model of a MOSFET, the
apparatus comprising:

a ratio table storage module configured to store a table of a
ratio X regarding a combination of two kinds of MOS-
FETs selected from N kinds of MOSFETsSs, the ratio X
being a magnitude of a variation of a MOSFFET 1n a case
where directions of variations of the two kinds of MOS-
FETSs are opposite directions to a magnitude of a varia-
tion of a MOSFET 1n a case where the directions of the
variations of the two kinds of MOSFETs are the same
direction, where N 1s an integer of 2 or greater;

a rati1o reader configured to read out, when a combination
of two kinds of MOSFETs 1s designated among the N
kinds of MOSFETSs, a value of the ratio X corresponding,
to the designated combination from the table of the ratio
X: and

a corner model forming module configured to form two
kinds of comer models of opposite directional varia-
tions, the two kinds of corner models comprising a first
corner model generated by applying the value of the
ratio X to a fast-side corner of a first MOSFET of the two
kinds of MOSFET's and to a slow-side corner of a second
MOSFET of the two kinds of MOSFETSs, and a second
corner model generated by applying the value of the
ratio X to a slow-side corner of the first MOSFET and to
a fast-side comer of the second MOSFET.
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15. The apparatus of claim 14, further comprising:

a typical model generator configured to generate a typical
model for each of the N kinds of MOSFETsSs:

a corner model generator configured to generate a fast-side
corner model and a slow-side corner model for each of
the N kinds of MOSFETs by varying a value of a model
parameter of the typical model; and

a ratio table generator configured to generate the table of
the ratio X for the combination of two kinds of MOS-
FETSs selected from the N kinds of MOSFETs.

16. The apparatus of claim 14, wherein

the first corner model 1s formed by combining a result
obtained by multiplying a variation width of a model
parameter of the fast-side corner model of the first MOS-
FET by X, with a result obtained by multiplying a varia-
tion width of the model parameter of the slow-side cor-
ner model of the second MOSFET by X, and

the second corner model 1s formed by combining a result
obtained by multiplying a vanation width of the model
parameter of the slow-side corner model of the first
MOSFET by X, with a result obtained by multiplying a
variation width of the model parameter of the fast-side
corner model of the second MOSFET by X.

17. The apparatus of claim 16, wherein

the model parameter 1s at least one of a gate length, a gate
width, a gate insulator thickness, a threshold voltage,
and a channel impurity concentration of the first or sec-
ond MOSFET.

18. The apparatus of claim 16, wherein

the same ratio X 1s applied to a plurality of model param-
cters of the first and second MOSFETs.

19. The apparatus of claim 14, wherein

the corner model forming module 1s configured to dynami-
cally form the first and second cormer models when a
circuit stmulation 1s performed.

G ex x = e
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